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ABSTRACT: CdSe@CdS dot@rods with diameter around 6 nm and length of either
20, 27, or 30 nm and dot@octapods with pod diameters of ∼15 nm and lengths of ∼50
nm were investigated by X-ray absorption spectroscopy. These heterostructures are
prepared by seed-mediated routes, where the structure, composition, and morphology of
the CdSe nanocrystals used as a seed play key roles in directing the growth of the second
semiconducting domain. The local structural environment of all the elements in the
CdSe@CdS heterostructures was investigated at the Cd, S, and Se K-edges by taking
advantage of the selectivity of X-ray absorption spectroscopy, and was compared to pure
reference compounds. We found that the structural features of dot@rods are
independent of the size of the rods. These structures can be described as made of a
CdSe dot and a CdS rod, both in the wurtzite phase with a high crystallinity of both the
core and the rod. This result supports the effectiveness of high temperature colloidal
synthesis in promoting the formation of core@shell nanocrystals with very low
defectivity. On the other hand, data on the CdSe@CdS with octapod morphology suggest the occurrence of a core composed of
a CdSe cubic sphalerite phase with eight pods made of CdS wurtzite phase. Our findings are compared to current models
proposed for the design of functional heterostructures with controlled nanoarchitecture.
1. INTRODUCTION
Semiconductor chalchogenide nanocrystals, thanks to the very
high degree of sophistication reached in controlled synthetic
procedures, play a key role as model systems for the elucidation
of crystal growth and assembly at the nanoscale.1
In particular, the development of protocols that are effective
in achieving shape control has enabled the design of
chalchogenides with tunable properties for targeted applications
in fields as diverse as biosensing and photovoltaics. Among the
proposed chalcogenide preparation routes, a major contribution
has been provided by high temperature colloidal synthesis,
where mastering of the synthetic parameters controlling
polymorphism and relative energy of crystal facets, which
both have a major role in directing nanocrystal shape, has been
achieved.2−5
Because of the expected impact on energy and environment
through the development of solar cell components and
photocatalysts, intense efforts have been devoted to the
preparation of hybrid chalcogenide heterostructures containing
two or more chalcogenide nanostructured domains. In fact, by
tuning the composition (hence band offsets alignment), size,
shape, crystal phase, and crystallinity, and interconnection
between the different chalcogenide domains, the optical and
electronic properties of the resulting hybrid nanostructures can
be optimized.
Among these hybrid nanostructures, CdSe@CdS nanorods
made out of a cadmium selenide dot within a sulfide nanorod
have attracted much attention due to the strong and tunable
light emission combined with optimized visible light
absorption.6,7
These heterostructures can be prepared through seed-
mediated colloidal approaches which make use of a CdSe dot
in the wurtzite hexagonal polymorph as a seed for the growth of
CdS in the same wurtzite polymorph, mediated by a mixture of
hot surfactants suited for directing anisotropic growth, as
depicted in Figure 1a. Experimental and computational
investigation of CdSe@CdS rods has enabled further insights
into the correlations among the morphological and structural
features of the dot@rods and quantum confinement of charge
carriers, surface boundaries effects, and electron−hole
recombination dynamics.8 One key issue was whether the
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structure of the original CdSe seed was preserved in the final
CdSe@CdS dot@rod structure.
More recently, advances in the seed-mediated colloidal
method has led to the development of CdSe@CdS octapods
made of eight arms of cadmium sulfide in the wurtzite
polymorph departing from a central CdSe core. As opposed to
the dot@rods, the synthesis of the dot@octapods is less
straightforward and includes the synthesis of Cu2‑xSe nano-
crystals in the cubic berzelianite phase, their conversion into
CdSe nanocrystals in the sphalerite (zinc blende) polymorph
by Cu/Cd cation exchange, and the use of the thus-obtained
dots as seeds for the branched growth of eight CdS arms in the
wurtzite form (see Figure 1b). While the three-dimensional
shape of these architectures has been elucidated by advanced
transmission electron microscopy (TEM) techniques such as
electron tomography and image reconstruction, no conclusive
information has been inferred so far on the state of the CdSe
dot, being located at the core of the octapod structure.9
In addition, although chemical analysis and TEM at the
different stages of the octapod synthesis provided evidence of
fast and nearly quantitative Cu/Cd ion exchange, no
information on the location of any residual copper ions could
be obtained. It is noteworthy that conventional structural
investigation techniques such as X-ray diffraction (XRD)
cannot provide insights on these aspects due to the very large
amount of CdS in the wurtzite phase which dominates the
diffraction pattern accompanied by the broadening of the peaks
due to small nanocrystal size, thus making the sensitivity of this
technique for nanocrystals relatively poor.
An additional issue is related to the optical properties of
CdSe@CdS octapod nanocrystals which are known as
inefficient emitters, as opposed to other CdSe@CdS colloidal
nanostructures, such as spherical core@shell dots and rods. The
low photoluminescence quantum yield could have been
tentatively ascribed either to electric potential barriers and
crystal defects at the CdSe@CdS interface, inhibiting the
relaxation of holes into the CdSe core, or to residual Cu as
dopants in the octapod nanostructures, acting as traps.
Intentional or unintentional ion doping, as well as the nature
of the interface at different chalcogenide domains represent
relevant issues in nanocrystal design, as they have been shown
to deeply impact the photophysical properties of colloidal
heterostructures and may overcome size and shape effects.10,11
In this work, we address the characterization of CdSe@CdS
rods and octapods by exploiting the selectivity and sensitivity of
X-ray absorption spectroscopy. X-ray absorption spectroscopy
(AXS) techniques are very suitable methods for the detailed
investigation of multicomponent materials because they are
elemental specific and, hence, can examine separately the
environment of every atom. In particular, quantitative structural
information on the local structure of selected absorbing atoms
in multicomponent materials can be obtained from the
extended X-ray absorption fine structure (EXAFS) spectra
and described in terms of number and type of neighboring
atoms, interatomic distances, and Debye−Waller factors.12 X-
ray absorption near edge structure (XANES) can also provide
additional information in terms of oxidation number and
coordination geometry.12
EXAFS is a suitable structural tool as it may provide
information also in the case of a very diluted concentration of
the selected atom, allowing one in this particular case (i) to
study the Se structural environment that would be hard to
achieve with other techniques and (ii) to gather more detailed
information on the effectiveness of the Cu/Cd ion exchange.
Because EXAFS is a technique that probes the short-range
order, it has been shown to be a very powerful tool for the
study of nanomaterials, including core@shell nanostructures
and chalcogenide-based heterostructures.13−25 It should how-
ever be pointed out that EXAFS is a technique providing
information on the bulk, and therefore it needs to be used in a
complementary way to other characterization techniques which
are able to look at individual nanoparticles. In the case of nearly
monodisperse particles having a high degree of homogeneity in
terms of shape and size, the collective features of the sample
can be effectively correlated to the structure of the individual
nanocrystals and therefore X-ray absorption spectroscopy is
particularly suited for these kinds of materials.
Here, we carry out a multiedge (Cd, S, Se, and Cu K-edges)
EXAFS study of chalcogenide heterostructures prepared
through seed-mediated high-temperature colloidal routes. The
samples are made of CdSe@CdS dot@rods with different
lengths (in the range 20−30 nm) which were grown from
Figure 1. Schematic representation of the model proposed for the seeded growth of anisotropic chalcogenide heterostructures: CdSe@CdS rods (a)
and octapods (b).
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nearly monodisperse ∼5 nm CdSe wurtzite seed, and CdSe@
CdS dot@octapods with pod length and width of 50 and 15
nm, respectively, starting from Cu2‑xSe nanocrystals with sizes
around 15 nm. Comparison of the structural environments of
each selected atom in the different CdSe@CdS heterostructures
and in pure commercial CdS, CdSe, and CuCl reference
compounds provides evidence on the structure of the
chalcogenide domains, on the degree of crystallinity, and on
the occurrence of impurities. Our findings, corroborated by
XANES data, provide experimental support for the models on
the growth of shape-controlled chalcogenide heterostructures.
2. EXPERIMENTAL SECTION
Reference Materials. Cadmium sulfide in the hexagonal
wurtzite polymorph (CdS, Aldrich 217921 powder, 99.995%
trace metals basis), cadmium selenide in the wurtzite
polymorph (CdSe, Alfa Aesar 45456, 99.999% trace metals
basis), and cubic copper(I) chloride in the sphalerite
polymorph (CuCl, Alfa Aesar 14644, 99.999% trace metals
basis) were used as reference materials without further
purification.
Synthesis of the CdSe@CdS Anisotropic Nanocrystals.
CdSe@CdS dot-rods with different rod length (hereafter
labeled samples Rod 1, Rod 2, and Rod 3) were prepared
according to the protocol detailed in ref 4. Briefly, the CdSe
seeds were first prepared by mixing under inert atmosphere in a
three-neck flask tri-n-trioctylphosphine oxide (TOPO, 99%,
Strem Chemicals, 3.0 g), octadecylphosphonic acid (ODPA,
99%, Polycarbon Industries, 0.280 g), and cadmium oxide
(CdO, 99.999%, Strem Chemicals, 0.060 g). The mixture was
heated up to 380 °C until complete dissolution of CdO. First
tri-n-octylphosphine (TOP, 97%, Strem Chemicals, 0.5 g) and
then a solution of TOP/Se (0.360 g TOP + 0.058 g Se, 99,99%,
Strem Chemicals) were injected into the flask and left to react
for 1 min, after which the reaction mixture was rapidly
quenched. The so-obtained CdSe nanocrystals, having an
average size of 4.8 nm, were isolated and purified by three
cycles of precipitation though methanol (anhydrous, Carlo
Erba), centrifugation, and dispersion in toluene (anhydrous,
Carlo Erba). Finally, a suspension of the CdSe dots to be used
as seeds for the growth of CdSe@CdS rods was prepared by
dispersion in TOP and mixed with a solution of sulfur
precursor (prepared by mixing 60 mg of S in 1.5 g of TOP).
Such solution was then injected into a mixture of CdO (0.060
g), TOPO (3.0 g), ODPA (0.290 g), and n-hexylphosphonic
acid (HPA, 99%, Polycarbon Industries, 0.080 g) previously
heated in a three-neck flask under nitrogen atmosphere at 350
°C. After heating for 7 min, the flask was rapidly quenched and
the dot@rods were purified by three repeated cycles of
precipitation through the addition of methanol and centrifuga-
tion, followed by redispersion in toluene. By varying the
amount of injected CdSe seeds from 2.8 × 10−2 to 2.1 × 10−2
and 1.4 × 10−2 μmol, Rod 1, Rod 2, and Rod 3 samples were
obtained, respectively, which exhibited increasing rod length, as
detailed in Table 1.
CdSe@CdS dot-octapods (hereafter labeled sample Octa)
were prepared according to a recently developed protocol
based on the anisotropic growth of CdS arms on CdSe seeds
obtained from Cu2‑xSe seeds by cation exchange.
26,27 Briefly,
Cu2‑xSe seeds were synthesized by reaction at 300 °C under
inert atmosphere between a solution of CuCl (99.999%, Strem
Chemicals) and oleylamine (70%, OLA, Sigma-Aldrich) in 1-
octadecene (90%, Sigma-Aldrich) and a Se precursor solution
prepared by dissolving Se in oleylamine. The resulting Cu2‑xSe
nanocrystals were purified and dispersed in TOP. To promote
CdSe@CdS octapod formation, Cu2‑xSe nanocrystals in TOP
were mixed with a suspension of S in TOP and injected at 380
°C in a mixture containing CdO (99.99%, Sigma-Aldrich),
CdCl2 (99.99%, Sigma-Aldrich), ODPA, HPA, TOPO, and
TOP. After the injection, the reaction was run for 10 min and
then the solution was cooled to room temperature. The
resulting product was purified by repeated washings with
toluene and methanol and dispersed in toluene.
Sample Characterization. Transmission electron micros-
copy (TEM) images were recorded on a Hitachi H-7000
instrument using a thermoionic W gun at 125 kV, and equipped
with a AMT DVC (2048 × 2048 pixel) CCD Camera. Prior to
observation, a drop of the toluene-based suspension of the
CdSe@CdS nanocrystals was deposited and dried at room
temperature on a carbon-coated copper grid. Statistical analysis
of TEM images by the freeware ImageJ software (ImageJ 1.42,
Wayne Rasband, National Institute of Health, <http://rsb.info.
nih.gov/ij/> (Java 1.6.0_14, 32 bit) was carried out in order to
obtain size distribution plots from around 150 particles.
X-ray Diffraction (XRD) patterns were recorded on a
Panalytical Empyrean diffractometer using Cu Kα radiation.
The scans were collected in the 10°−90° (2θ) range in Bragg−
Brentano geometry with a graphite monochromator on the
diffracted beam and an X’Celerator linear detector. Prior to
measurements, the nanocrystals were deposited from the
toluene suspension on a low-background silicon sample holder.
To avoid preferred orientation effects, the sample holder was
spun at a rate of 1 Hz. Phase identification was performed using
the PDF-2 database (PDF-2 JCPDS International Centre for
Diffraction Data, Swarthmore, PA). The average size of
crystallite domains was calculated using the Scherrer formula,
Table 1. Summary of the Nanocrystals, Reference Compounds, and Related Featuresa
sample EXAFS sample investigated edges features
Rod 1 toluene suspension Cd K-edge (T) S K-edge (TEY) Se K-edge (F) dot size 4.9 nm rod length 21.5 ± 2.6 nm rod diameter
6.0 ± 0.6 nm
Rod 2 toluene suspension Cd K-edge (T) S K-edge (TEY) Se K-edge (F) dot size 4.9 nm rod length 27.7 ± 8.7 nm rod diameter
5.6 ± 0.6 nm
Rod 3 toluene suspension Cd K-edge (T) S K-edge (TEY) Se K-edge (F) dot size 4.9 nm rod length 30.1 ± 3.9 nm rod diameter
6.0 ± 0.6 nm
Octa toluene suspension Cd K-edge (T) S K-edge (TEY) Se K-edge (F)
Cu K-edge (F,T)
dot size 15 nm arm length 50.0 ± 2.2 nm arm width 14.9 ± 1.8 nm
CdS commercial powder Cd K-edge (T) S K-edge (F) wurtzite polymorph
CdSe commercial powder Cd K-edge (T) Se K-edge (T) wurtzite polymorph
CuCl commercial powder Cu K-edge (T) sphalerite polymorph
aThe EXAFS edges investigated in the detection mode (T = transmission; TEY = total electron yield; F = fluorescence) are also given.
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with instrumental broadening determined using a LaB6
standard sample.28
X-ray Absorption Spectroscopy Measurements and
Data Analysis. EXAFS spectra at room temperature were
collected on Rod 1, Rod 2, Rod 3 and Octa samples and on
CdS, CdSe, and CuCl reference compounds at the B18
beamline of the DIAMOND light source (Oxfordshire, UK),
which covers a wide energy range (2.05 to 35 keV) and is
equipped with a double-crystal monochromator containing two
pairs of crystals, Si(111) and Si(311), optimized for quick
EXAFS (QEXAFS) measurements.29
Spectra were acquired at the S (2472 eV), Cu (8979 eV), Cd
(26711 eV), and Se (12658 eV) K-edges. The Si 111
monochromator was used for the S, Cu, and Se K-edges, and
the Si 311 monochromator was used for the Cd K-edge.
At the S K-edge, data collection was performed under
vacuum because of the low energy of the X-rays, using two
different detectors: a fluorescence detector (for the CdS
standard compound), and a total electron yield (TEY) detector
(for all the samples). Samples were deposited from the toluene
dispersion either on aluminum foil or on carbon sticky tape and
dried.
At the Cu K-edge data were collected on the CuCl standard
compound in transmission mode and on the Octa sample both
in transmission and fluorescence mode.
At the Cd K-edge data on samples and standard compounds
were all collected in transmission mode. The CdS and CdSe
samples were measured as pellets made by mixing the standard
compounds with polyvinylpyrrolidone, in order to have a highly
uniform and suitable optical thickness, while the suspensions of
the CdSe@CdS samples in toluene were measured using cells
for liquids with kapton windows.
At the Se K-edge data were collected in transmission mode
on the CdSe pellet and in fluorescence mode on the cells for
liquids containing the suspensions of the CdSe@CdS in
toluene.
The EXAFS data processing was carried out using the
ATHENA software and the fit to scattering models in R-space
was obtained by FEFF in Artemis.30
XANES spectra were also collected and the data processing
was carried out using the ATHENA software to obtain
normalized absorbance. The XANES results will be presented
in the Supporting Information.
In Table 1 a list of the measured samples and acquisition
conditions is summarized.
3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction and Transmission Electron
Microscopy. The Rod 1, Rod 2, Rod 3, and Octa
nanostructures were investigated by conventional character-
ization techniques such as TEM and XRD to gain insights on
the morphology and structure of the investigated samples.
Figure 2A shows representative TEM images of the nanocryst-
als, which indicate the occurrence of nearly monodisperse rods
with average width of 6 nm and length of 21.5, 27.7, and 30.0
nm, respectively, for the Rod 1, Rod 2, and Rod 3 samples,
whereas the Octa sample exhibits octapod-shaped nanocrystals
with average arm width of 15 nm and arm length of 30 nm. The
results on the nanocrystal size distribution as obtained by
statistical analysis of TEM images are summarized in Table 1. It
is noteworthy that the CdSe core can be barely detected in the
dot@rod nanocrystals as a slightly darker contrast close to one
end of the rod, whereas the core at the center of the three-
dimensional branched nanostructure octapods in the CdSe@
CdS Octa sample cannot be imaged.
The XRD patterns for all the CdSe@CdS nanocrystals
(Figure 2B) exhibit reflections which can be ascribed to the
hexagonal (space group P63mc) CdS wurtzite polymorph (PDF
card No. 41-1049], whereas the CdSe phase cannot be
detected, likely due to the low relative contribution from the
selenide domains with respect to the sulfide ones. In fact,
diffraction peaks from the CdSe core have only been detected
in patterns of CdSe@CdS core@shells with low aspect ratio or
at early stages of sulfide growth from the selenide seed. As
previously reported, the relative intensity and the line
broadening of the peaks clearly reflect the anisotropic growth
of the nanocrystals: in particular, the 002 reflection, centered at
2θ ≈ 26.5°, is sharper and more intense in comparison to the
Figure 2. Transmission electron microscopy images (A) and X-ray diffraction patterns (B) of CdSe@CdS (d) Rod 1, (c) Rod 2, (b) Rod 3, and (a)
Octa samples. Scale bar for all TEM images is 20 nm.
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bulk wurtzite structure as a consequence of the nanocrystal
growth along the c axis and its relative intensity increases in the
order Rod 1, Rod 2, Rod 3, and Octa sample, as expected.27,31
3.2. X-ray Absorption Spectroscopy. Cd K-Edge. EXAFS
data were collected to gather further insight on the structural
environment in the CdSe dots and in the CdS rods/branches of
the CdSe@CdS nanocrystals, in comparison with the bulk CdS
and CdSe crystalline phases. Figure 3 shows the Cd K-edge
k2χ(k) and the corresponding Fourier transforms (FTs) for the
Rod 1 and Octa samples. A qualitative comparison of the
EXAFS results is first done in order to find an appropriate
model to be chosen for the fitting that can provide quantitative
structural parameters. In Table 2 the interatomic distances and
coordination numbers for the shells up to 4.5 Å of the bulk CdS
wurtzite polymorph and for the bulk wurtzite and sphalerite
CdSe polymorphs are reported, as they are the phases which
are the most likely present.
In Figure 3 Cd K-edge k2χ(k) results of Rod 1 are compared
with that of the Octa sample and also with the CdS and CdSe
reference compounds: note that both reference compounds are
in the wurtzite polymorph due to poor stability of the cubic
sphalerite phase belonging to space group F43m.
For the sake of clarity only the EXAFS results of the Rod 1
sample are reported, because all the EXAFS results on the Rod
2 sample are identical within the experimental error to those of
the Rod 1 sample, as shown in Figure S1, while the data of the
Rod 3 sample are much noisier than those of Rod 1 and Rod 2
because the available toluene dispersion was much more diluted
than in the other two samples. Since Rod 3 only differs very
slightly in the dot and rod size compared to Rod 2, the data
collected on Rod 3 will not be shown; it should be pointed out
that even if data analysis was made more difficult due to the
very low concentration of the Rod 3 sample, the data appear to
be still comparable to the other two samples. Therefore, the
structural features of Rod 1 can describe those of all the CdSe@
CdS heterostructures grown in the form of rods with no
influence coming from the length of the rods.
The data of both Rod 1 and Octa samples show a very close
resemblance to the pure CdS, in agreement with the main
component being CdS in the wurtzite structure both in the
rods and in the octapods. On the other hand, the Cd K-edge
k2χ(k) of the pure CdSe reference compound shows some
relevant differences: (i) the frequency of the oscillations is
different and a shift is evident in the k region 5−18 Å−1, in
agreement with the larger interatomic distances in the Cd−Se
unit cell as compared to those in the Cd−S unit cell (see Table
2) and to the different backscatterer in the first shell; and (ii)
the amplitudes are different, especially in the k region 3−5 Å−1.
A closer inspection at the amplitudes and features of the
oscillations in the rod, octa, and pure CdS confirms that the
k2χ(k) for the rods and octapods are quite similar to the CdS
reference compound, and in particular the amplitudes of the
Figure 3. Experimental Cd K-edge k2χ(k) (A) and corresponding FTs (B) for the CdSe (a) and CdS (b) reference compounds, and for the Rod 1
(c) and Octa (d) samples.
Table 2. Interatomic Distances (R) and Coordination
Numbers (N) for Bulk CdS (Wurtzite Polymorph) and Bulk
CdSe (Wurtzite and Sphalerite Polymorphs)
Cd K-edge
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oscillations of the octapod in most of the k range are more
similar to the pure CdS wurtzite sample than those of the rods.
The comparison of the Fourier transforms of the Rod 1, Octa,
pure CdS, and pure CdSe at the Cd K-edge, reported in Figure
3B, is in agreement with the discussion reported above. In
particular, the samples exhibit well-defined peaks which reflect a
highly structured environment and are both quite close to the
FT of the pure CdS. The FT of the Octa sample exhibits a
closer resemblance to pure CdS with respect to the rod
samples.
The Cd K-edge XANES spectra of the Rod 1, Octa, pure
CdS, and pure CdSe reported in Figure S2 show that Rod 1 and
Octa samples have extremely similar XANES spectra to that for
bulk CdS (wurtzite), confirming that Cd is tetrahedrally
coordinated to S. There is no evidence for any contribution
from CdSe. A significant contribution from CdSe would be
noticeable because Figure S2 shows that the XANES spectrum
for CdSe is clearly different to that for CdS.
The overall comparison of all the k2χ(k), FTs, and XANES
spectra obtained at the Cd K-edge, which suggests that
distances, coordination numbers, and Debye−Waller factors
in the nanocrystals are very similar to those of the pure wurtzite
CdS polymorph, was used as a basis for the quantitative analysis
of the data as obtained by fitting of the EXAFS data at the Cd
K-edge.
In particular, the fit of the Octa, Rod 1, and Rod 2 data was
done using the Cd−S paths (two paths with degeneracy 3 and
1, respectively) and Cd−Cd paths (two paths both with
degeneracy 6) calculated on the basis of the hexagonal wurtzite
polymorph. Since the fit results on Rod 2 are almost coincident
with those of Rod 1, they are not presented for the sake of
clarity. In Table 3 the best fitting parameters are reported while
Table 3. Interatomic Distances (R), Coordination Numbers (N), and Debye-Waller Factors (σ) As Obtained from Best Fitting
Parameters of the Experimental EXAFS Functions at the Cd, Se, and S K-Edges
Cd K-edge
Rod 1 Octa
R (Å) N (Atoms) 2σ2 (Å2) R (Å) N (Atoms) 2σ2 (Å2)
S 2.504 ± 0.007 3 0.0060 ± 0.0006 2.517 ± 0.006 3 0.0043 ± 0.0005
S 2.509 ± 0.007 1 0.0060 ± 0.0006 2.522 ± 0.006 1 0.0043 ± 0.0005
Cd 4.08 ± 0.06 6 0.05 ± 0.01 4.14 ± 0.04 6 0.032 ± 0.008
Cd 4.09 ± 0.06 6 0.05 ± 0.01 4.16 ± 0.04 6 0.032 ± 0.008
E0 = 0.8 ± 0.5 E0 = 2.4 ± 0.5
S0 = 0.831 S0 = 0.831




R (Å) N (Atoms) 2σ2 (Å2)
Cd 2.601 ± 0.005 4 0.0041 ± 0.0004
Se 4.33 ± 0.05 12 0.023 ± 0.009





R (Å) N (Atoms) 2σ2 (Å2) R (Å) N (Atoms) 2σ2 (Å2)
Cd 2. 600 ± 0.005 3 0.0046 ± 0.0004 2.597 ± 0.004 3 0.0042 ± 0.0004
Cd 2.612 ± 0.005 1 0.0046 ± 0.0004 2.610 ± 0.004 1 0.0042 ± 0.0004
Se 4.32 ± 0.07 6 0.03 ± 0.01 4.32 ± 0.05 6 0.023 ± 0.009
Se 4.32 ± 0.07 6 0.03 ± 0.01 4.33 ± 0.05 6 0.023 ± 0.009
E0 = 0.8 ± 0.4 E0 = 0.7 ± 0.4
S0 = 0.76 S0 = 0.76
R-factor =0.03761 R-factor =0.04507
S K-edge
Rod 1 Octa
R (Å) N (Atoms) 2σ2 (Å2) R (Å) N (Atoms) 2σ2 (Å2)
Cd 2.516 ± 0.009 3 0.0056 ± 0.0009 2.516 ± 0.007 3 0.0053 ± 0.0007
Cd 2.522 ± 0.009 1 0.0056 ± 0.0009 2.522 ± 0.007 1 0.0053 ± 0.0007
S 4.06 ± 0.03 6 0.022 ± 0.005 4.06 ± 0.02 6 0.018 ± 0.003
S 4.08 ± 0.03 6 0.022 ± 0.005 4.07 ± 0.02 6 0.018 ± 0.003
E0 = 3.3 ± 0.6 E0 = 2.6 ± 0.5
S0 = 0.821 S0 = 0.821
R-factor =0.06633 R-factor =0.04146
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the comparison of experimental vs fitting curves is reported in
the Supporting Information (Figure S3 and S4).
The Cd−S and Cd−Cd interatomic distances are very close
to those of pure CdS in the wurtzite polymorph, and the
Debye−Waller factors are small confirming the high degree of
order of the heterostructures. These results are consistent with
the diameter and length of the rods and of the octapod arms,
both being large enough that there is not a decrease in
coordination numbers (which is expected only for particles
smaller than 3 nm).32 There is a small though significant
difference in the E0 best fit values obtained for the Octa and for
the Rod 1 samples. It is likely that this is due to the different
contribution from the CdSe core in the two samples that it is
not taken into account in the fitting, in order to limit the
number of free parameters.
It should be pointed out that the Debye−Waller factors for
the nanocrystals are very similar to the bulk reference material.
This is quite remarkable, since a significant increase in the
Debye−Waller factors is generally observed in nanoparticles as
a consequence of increased structural disorder, with particular
reference to atoms located close to the surface. The obtained
results indicate therefore a high degree of order of the whole
heterostructures, including their surfaces. The high degree of
crystallinity of the core@shell rods and octapods is a major
advantage to be ascribed to the adopted synthetic route, based
on colloidal growth at high temperature.
A closer inspection of Figure 3A showing the Cd K-edge
k2χ(k) of Rod 1 and Octa samples in the region 3−5 Å−1
provides some further insight on the effect of the CdSe core
size and the relative CdSe/CdS amount since, as discussed
previously, the differences between the CdS and CdSe
reference compounds are stronger in that region. At around k
= 4 Å−1 the Rod 1 sample exhibits slight differences with
respect to the pure wurtzite CdS sample in the amplitudes of
the oscillations and in some small features; these could be
attributed to different effects such as the contribution of the
Cd−Se distances arising from the CdSe dot and/or to the effect
of the directional growth of the rod. Because the diameter and
length of the rods are large enough that there is not a decrease
of coordination numbers, it is very likely that the former effect
is dominant. Likewise, in the region 3.6−4.1 Å−1 the features of
the Octa sample are slightly different from both the pure CdS
reference compound and the rod samples. These differences are
likely due to the relative CdSe/CdS amount, which is smaller in
the Octa than in the Rod 1 sample due to the size of the core
and the length of the rod/pods together with number of pods.
This observation is corroborated by Supporting Information,
Figure S5, in which the difference between the k2χ(k) of CdSe
and CdS is compared with the difference between the k2χ(k) of
the Rod 1 sample and CdS, and the difference between the
k2χ(k) of the Octa sample and CdS. This comparison confirms
that the Octa sample is more similar to CdS than the Rod 1
sample, and that this result can be ascribed to the Rod 1 sample
having a larger fraction of CdSe contributing to the total k2χ(k).
Hence, the influence of the Cd−Se distances should play an
important role in determining the observed octapod function,
possibly indicating a slightly different Cd−Se environment in
the octapod sample compared to the rods.
Se K-Edge. The EXAFS spectra of the rod and octapod
samples, together with the CdSe reference compound, were
also collected at the Se K-edge. The Se K-edge k2χ(k) and the
corresponding Fourier transforms (FTs) for the Rod 1 and
Octa samples and for the CdSe reference compound are
reported in Figure 4, whereas data on the Rod 2, which are very
similar to the Rod 1 sample, as already observed at the Cd K-
edge, are shown as Supporting Information (Figure S6).
Qualitative examination of the data, which was used to set up
the quantitative analysis, indicates that the Se K-edge k2χ(k)
functions for the Rod 1 and Octa samples show strong
oscillations up to high k values at exactly the same frequencies,
and that the amplitude of the oscillations is higher in the Octa
sample. This significant difference indicates a less disordered
Figure 4. Experimental Se K-edge k2χ(k) (A) and corresponding FTs (B) for the CdSe (a) reference compound, and for the Rod 1 (b) and Octa (c)
samples.
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environment in the octapod sample with respect to the rods
samples. It should be noted that the samples could only be
compared to the CdSe wurtzite polymorph, as the CdSe in the
sphalerite phase is not commercially available, being poorly
stable.
The comparison of the rod with the pure wurtzite CdSe
sample shows some small differences both in the frequency (at
k values the oscillations are slightly shifted) and in the
amplitude (which is slightly larger for the rod samples) of the
oscillations. These results suggest the occurrence of some
differences in the Se environment in the CdSe dot at the
interface with the CdS rod, as opposed to the pure CdSe
sample. The Octa sample shows oscillations which have exactly
the same frequency of the rod samples (no shift is detectable)
and a more enhanced amplitude of the oscillations with respect
to the pure wurtzite CdSe. In addition to differences in the Se
environment at the interface between the dot and the arms, a
less disordered environment can be therefore assumed in the
CdSe core of the octapod sample with respect to the pure CdSe
wurtzite. Although EXAFS data of the CdSe sphalerite
polymorph are not available, it should be pointed out that
the main difference between the cubic sphalerite and the
hexagonal wurzite structures is that all the Se−Cd and Se−Se
distances are exactly the same (as well as Cd−Cd distances
which are not contributing to the Se K-edge structural
function) in the cubic polymorph, whereas in the hexagonal
polymorph there are two sets of Se−Cd and Se−Se distances,
although very similar to each other (see Table 2). As a result,
the sphalerite structure is slightly more ordered than the
wurtzite structure. Therefore, the observed results suggest that
the Se environment in the Octa sample is consistent with the
more ordered structure of the sphalerite polymorph.
These results are also confirmed by the corresponding
Fourier transforms (FTs) at the Se K-edge for the same
samples, which are reported in Figure 4B. The FT of pure CdSe
wurtzite shows the main peak at R values around 2.4 Å (not
corrected for phase shift), corresponding to the first shell, and a
very broad less intense signal centered at 4 Å. The FTs of the
samples at the Se K-edge are quite similar, and both the Rod 1
and Octa sample exhibit a more pronounced peak in
correspondence to the first coordination shell. These results
agree with the discussion on the k2χ(k) functions at the Se K-
edge, and suggest the occurrence of a structural environment
with higher symmetry in the Octa sample, compatible with the
sphalerite polymorph. The Se K-edge XANES spectra of the
Rod 1, Octa, and pure CdSe reported in Supporting
Information, Figure S7 show that Rod 1 and Octa samples
have similar XANES spectra to that for CdSe, confirming that
Se is tetrahedrally coordinated to Cd. However, the Octa
sample has a XANES spectrum which looks slightly less like
that of bulk CdSe than the XANES spectrum of the Rod 1
sample does. These differences could be consistent with the
Octa sample having a sphalerite structure rather than the
wurtzite structure of bulk CdSe.
On the basis of the qualitative analysis of the EXAFS and
XANES data, the fitting at the Se K-edge was done using the
Se−Cd and Se−Se paths calculated on the basis of the
hexagonal wurtzite polymorph for the Rod 1 and Rod 2
samples, while for Octa sample two fits were performed: (i)
using the Se−Cd path (one path with degeneracy 4) and Se−Se
path (one path with degeneracy 12) calculated on the basis of
the cubic sphalerite polymorph and (ii) using the Se−Cd and
Se−Se paths calculated on the basis of the hexagonal wurtzite
polymorph, as previously done for the Rod 1 and Rod 2
samples. The best fitting parameters are reported in Table 3
while the comparison of experimental vs fitting curves is
reported in the Supporting Information (Figures S8 and S9).
The Se−Cd distances are very similar to the values for bulk
CdSe, and as expected they are longer than the Cd−S distances.
The Debye−Waller factors are quite small confirming the high
degree of order of the nanostructures. The fits carried out on
the Octa sample, using the paths typical of the wurtzite and the
paths typical of sphalerite are both quite good and provide
similar results, which is not surprising since the two structures
Figure 5. Experimental S K-edge k2χ(k) (A) and corresponding FTs (B) for the CdS (a) reference compound, and for the Rod 1 (b) and Octa (c)
samples.
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are very similar. However, the R-factor of the fit carried out
using the sphalerite structure is smaller, supporting that the
structural environment around the Se atoms is closer to the
cubic sphalerite structure.
S K-edge. EXAFS data at the S K-edge were measured on the
rod, octapod, and CdS wurtzite polymorph reference
compound. Data collected depositing the samples on either
aluminum or sticky carbon films gave very similar results and
only the experimental k2χ(k) functions and corresponding FTs
obtained for the samples deposited on the carbon sticky tape
are shown in Figure 5. Although the S K-edge data are noisier
with respect to the Cd and Se K-edges due to the experimental
conditions required for data collection, Figure 5A clearly shows
that the S K-edge k2χ(k) of the Rod 1 and Octa samples are
very similar within the experimental error and are consistent
with the pure CdS wurtzite sample used as a reference. These
findings are also supported by the corresponding FTs of the
same samples, which show that the first shell is exactly the same
and further support that in all samples the structural
environment of sulfur matches with CdS in the wurtzite
polymorph. Also in this case the data collected on the Rod 2
sample are very similar to the ones of the Rod 1 sample, as
shown in the Supporting Information (Figure S10).
Figure S11 reporting the S K-edge XANES spectra of the
Rod 1, Octa, and pure CdS samples show that Rod 1 and Octa
samples have extremely similar XANES spectra to that for bulk
wurtzite CdS, confirming that S is tetrahedrally coordinated to
Cd.
On the basis of the qualitative insights obtained by EXAFS
and XANES, the fitting at the S K-edge of experimental vs
fitting curves reported in Supporting Information, Figures S12
and S13 was done using the S−Cd and S−S paths calculated on
the basis of the hexagonal wurtzite polymorph for Rod 1, Rod 2
(not shown for the sake of clarity since it is also in this case very
similar to sample Rod 1) and Octa samples. The best fitting
parameters, reported in Table 3, are in good agreement with
those obtained from the fitting at the Cd K-edge.
Cu K-Edge. On the octapod sample, the Cu K-edge was also
investigated, since a copper compound is used as a starting
material to induce the formation of a selenide core in the
sphalerite structure, as depicted in Figure 1b. Data collected in
transmission mode did not show any evidence of a Cu K-edge,
which indicates the successful cation exchange of Cd(II)/Cu(I)
during the synthetic protocol and that if any Cu is left, this
must be below the detection limit in these experimental
conditions. However, the fluorescence detector is able to
provide a much more powerful tool to detect even tiny traces of
an element. In fact, by using a fluorescence detector an EXAFS
Cu K-edge was detected in the Octa sample. Figure 6 shows the
Cu K-edge k2χ(k) and corresponding FT which are compared
to a CuCl sample used as a reference compound, having the
sphalerite structure.
Although the Cu K-edge k2χ(k) for the Octa sample is quite
noisy, as expected due to the very low Cu content, oscillations
are evident up to at least k = 10 Å−1 and therefore some
structural information can be inferred. In particular, the
comparison of the k2χ(k) and the FT of the octapods with
those of the CuCl compound in the sphalerite polymorph
shows that the oscillations in the k2χ(k) are significantly shifted,
indicating that the copper environment in the Octa sample is
not the same as in CuCl. In particular, the significant shift in the
oscillations is consistent with the Cu environment, having a
much heavier backscatterer, such as Se, compared to Cl. The
amplitude of the oscillations and the magnitude of the FT peak
is higher in the Octa sample compared with the CuCl, which
also indicates that a heavier backscatterer must be present.
Nevertheless, the frequency of the oscillation is similar, and the
main peak in the FTs of CuCl and the Octa sample is centered
at approximately the same distance. This is understandable,
considering that the Cu−Cl distance in the first coordination
shell of CuCl and the Cu−Se distance in the first shell of
Cu2‑xSe (this compound, berzelianite, having a cubic structure
belonging to space group Fm3m) are similar. The observed
results are consistent with the presence of a tiny amount of
copper in CdSe.
It is interesting to note that the availability of a high intensity
EXAFS beamline with a very sensitive fluorescence detector is
able to evidence very small amounts of precursors which have
Figure 6. Experimental k2χ(k) (A) and corresponding FTs (B) at the at the Cu K-edge for the CuCl (a) reference compound and for the Octa (b)
sample.
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not completely reacted. The role of EXAFS in gaining insights
on multicomponent materials, even on trace elements which
are not detected by other structural techniques, is also
confirmed by the fact that, while collecting data on the
octapods at the Cu K-edge in transmission mode in an
extended energy range, a very small but well-defined edge at
9659 eV corresponding to the Zn K-edge was detected (see
Supporting Information, Figure S14) even if, as previously
pointed out, no evidence of the presence of Cu was found. The
Zn edge is not visible in fluorescence mode since Zn cannot be
excited at the energy of Cu K-edge. The occurrence of Zn in
these samples, although in low amount, was unexpected since
all reagents were of high purity. The most likely source of this
impurity is a Zn impurity in one of the Cd reagents, since Cd is
the element present in largest amount. These results point out
the importance of controlling the presence of undesired metal
traces, which may affect to some extent the physical properties
of the resulting nanocrystals.
4. CONCLUSIONS
CdSe@CdS heterostructures prepared by high temperature
colloidal routes with a highly controlled morphology, that is,
nearly monodisperse elongated dot@rods and branched dot@
octapods, were studied by multiedge X-ray absorption spec-
troscopy investigation.
In particular, dot@rods samples with the same diameter (6
nm) and different length (from around 20 to 30 nm) and a
dot@octapod sample were investigated at the Cd, S, and Se K-
edges to gain insights on the local structure by taking advantage
of the selectivity of X-ray absorption spectroscopy. On the basis
of the comparison of the EXAFS and XANES spectra of the
samples with the reference bulk structures (CdS and CdSe
wurtzite polymorphs), a quantitative analysis of the EXAFS
data was performed to evaluate distances, coordination
numbers, and Debye−Waller factors.
In the case of CdSe@CdS dot@rods, which are prepared
through a well-established procedure, all the data indicate the
occurrence of a CdSe core and a CdS rod both in the wurtzite
polymorph. The structural features are identical regardless of
the size of the rods, and comparison with the corresponding
pure reference compound, that is, CdSe and CdS wurtzite
polymorphs, points out the high crystallinity of the core and of
the rod. This result supports the effectiveness of high
temperature colloidal synthesis in promoting the formation of
core@shell nanocrystals with very low defectivity.
In the case of CdSe@CdS dot@octapods, EXAFS at the Se
K-edge provided insights on the CdSe core, indicating the
occurrence of a structural environment with high symmetry
compatible with the CdSe sphalerite cubic polymorph. It was
also found that the structure of the octapod arms is the same
encountered in the rods and is the same as pure CdS wurtzite
reference compound. In addition the Cd, S, and Se K-edge
XANES spectra supported all of the above conclusions,
providing evidence of the presence of the CdSe sphalerite
core, which cannot be assessed by XRD and UV−visible
spectroscopy characterization, in the final CdSe@CdS dot@
octapods.27
Measurements at the Cu K-edge on the Octa sample allowed
us to point out the occurrence of traces of copper having a
structural environment in which copper has Se nearest
neighbors, suggesting the occurrence of Cu in the octapods.
Although the detailed location of the Cu ions cannot be directly
determined without the support of electron microscopy
techniques, indirect evidence is gained by the nature of the
backscatterers surrounding the Cu atoms, which suggests that
Cu is likely present in the CdSe sphalerite seed. The high
sensitivity and selectivity of the EXAFS technique enabled
therefore the detection of the traces of the copper selenide
phase which is formed in situ and used to produce the CdSe
sphalerite dots upon cation exchange. These findings represent
the first experimental support in agreement with the proposed
model used for CdSe@CdS octapod design and synthesis. In
addition, elucidation of the structural features of the
investigated heterostructures may provide a basis for the
interpretation of their optical properties.
Despite the intrinsic limitation of X-ray absorption
techniques due to the limited access to synchrotron light
facilities and to the requirement of constituent nanocrystals
with extremely controlled size and shape distribution, our study
points out the relevance of advanced structural investigation
techniques such as EXAFS in revealing the structural features of
multicomponent nanostructures, which in turn play a key role
in the design of heterostructures with controlled architectures
and in establishing well-defined synthesis−structure-properties
relationships for such materials.
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